Abstract Macrophage-derived foam cell formation elicited by oxidized low-density lipoprotein (oxLDL) is the hallmark of early atherogenesis. Detection of foam cell formation is conventionally practiced by Oil Red O (ORO) staining of lipid-laden macrophages. Other methods include 1,1 0 -dioctadecyl-3,3,3 0 3 0 -tetramethylindocyanide percholorate (DiI)-labeled oxLDL (DiI-oxLDL) uptake and Nile Red staining. The purpose of the present study is to report an optimized method for assessing foam cell formation in cultured macrophages by ORO staining and DiI-oxLDL uptake. After incubation with oxLDL (50 lg/ml) for 24 h, the macrophages were fixed, stained with ORO for just 1 min, pronounced lipid droplets were clearly observed in more than 90% of the macrophages. To test the in vivo applicability of this method, lesions (or foam cells) of cryosections of aortic sinus or primary mouse peritoneal macrophages from ApoE deficient mice fed a high cholesterol diet were successfully stained. In another set of experiments, treatment of macrophages with DiI-oxLDL (10 lg/ml) for 4 h resulted in significant increase in oxLDL uptake in macrophages as demonstrated by confocol microscopy and flow cytometry. We conclude that the optimized ORO staining and fluorescent labeled oxLDL uptake techniques are very useful for assessing intracellular lipid accumulation in macrophages that are simpler and more rapid than currently used methods.
Introduction
Atherosclerosis, the most common cause of myocardial infarction, stroke and cardiovascular mortality, is an inflammatory-immunomodulatory disease process (Ross 1999; Lusis 2000; Wuttge et al. 2001; Libby 2002; Hansson 2009 ). Scavenger receptors-mediated uptake of oxidized LDL (oxLDL) by macrophages resulting in foam cell formation represents the hallmark of early atherosclerosis (Moore and Freeman 2006) . Atherogenic modifications of LDL include, in addition to oxidation, acetylation, retention and aggregation. Among these modified LDL, oxLDL is the most typical and physiological stimulus of macrophage foam cell formation (Parthasarathy et al. 2010 ).
The assessment of foam cell formation is of primary interest as an important end-point analysis for evaluating atherogenesis both in vitro and in vivo (Scholz et al. 2004; Beckers et al. 2007; Ii et al. 2008; Ma et al. 2008; Lee et al. 2009 ). Morphometric methods involving the staining of en face arterial tree (Kobayashi et al. 2004) or aortic sections from aortic sinus (Kobayashi et al. 2004) or innominate artery (Teupser et al. 2004) with Oil Red O (ORO) followed by computer-assisted image analysis are commonly used for in vivo studies. Based on the published literature, the standard protocol for ORO staining is summarized in Table 1 . Briefly, the standard staining protocol mainly consists of fixation (10% formalin or 3.7-4% paraformaldehyde, 10 min to 1 h (Ii et al. 2008) ), ORO staining (10 min to 4 h (Scholz et al. 2004; Ii et al. 2008) ), and counterstaining. Additionally, for quantification of the capacity of macrophages to uptake oxLDL, a fluorescent method was developed, i.e., DiI-labeled oxLDL (DiI-oxLDL) uptake by fluorescent microscopy or flow cytometry. For a detailed description of this method and its application, we refer the reader to the excellent article by Teupser et al. (1996) . As far as this method is concerned, different time of DiI-oxLDL stimulation was used in various studies, ranging from 3 h (Ide et al. 2006 ), 6 h (Sawamura et al. 1997 ) to 24 h (Lian et al. 2008) . In addition, the concentration of DiIoxLDL varied from 5 lg/ml (Morihara et al. 2010) , 10 lg/ml (Wuttge et al. 2001) , 20 lg/ml (Nagy et al. 1998) , to 80 lg/ml (Li et al. 2004) . Despite DiIoxLDL can be obtained from commercial suppliers (such as Intracell Inc.), home-made DiI-oxLDL is preferred and widely used in atherosclerotic research for the relatively low cost.
Our objective was to evaluate an optimized method for assessing oxLDL-elicited (50 lg/ml, 24 h of incubation) foam cell formation by staining with the neutral lipid-targeting lysochrome Oil Red O (ORO; Sigma) for 1 min, as well as by DiI-oxLDL uptake (10 lg/ml, 4 h of incubation) using confocal microscopy and flow cytometry.
Materials and methods

Chemicals and reagents
The DMEM medium and other cell culture reagents were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). 1,1 0 -Dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanide perchlorate (DiI) and DAPI were from Sigma-Aldrich Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) was from Hyclone (Logan, UT, USA). All other chemicals were of analytical reagent grade or better and were obtained from Sigma-Aldrich or other commercial suppliers.
Cell culture RAW 264.7 cells, a murine macrophage cell line (ATCC, Rockville, MD), were cultured in 60-mm petri dishes at a density of 1 9 10 6 cells/ml in DMEM medium supplemented with 100 IU/ml of penicillin G, 100 lg/ml streptomycin, 2 mmol/l L-glutamine, and 10% (vol/vol) FBS, and incubated in a humidified atmosphere of 5% CO 2 in an incubator at 37°C. Subconfluent cells were serum starved for 24 h then incubated with oxLDL for the indicated time periods.
Preparation of aortic sinus from apolipoprotein E knockout (ApoE KO) mice Homozygous male ApoE KO mice on C57BL/6J background and age-matched wild-type C57BL/6J mice were purchased from Peking University Experimental Animal Center (Beijing, China) after being originally obtained from The Jackson Laboratory (Bar Harbor, ME). The mice were housed under a 12-h light/dark cycle in specific-pathogen free facility. Starting from 6 weeks, the mice were fed a high cholesterol diet (HCD, 10% fat, 1.25% cholesterol, 0% cholic acid) for 16 weeks. Aortic sinus (aortic root) cryostat sectioning, was performed according to the modified method of Paigen et al. (1987) . Briefly, the hearts from each treatment group were harvested with about 1 mm of proximal aorta attached. The top half of the heart with aorta root was embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA) and snap-frozen in liquid nitrogen. Serial sections were cut from the proximal 1 mm of the aortic root. Sequential 25-lm sections were cut until the appearance of the 3-aortic valve cusps at the junction of the aorta and the heart. From this point on, serial 8-lm sections were collected until tricuspids were no longer visible.
Isolation and cultivation of mouse peritoneal macrophages
Resident mouse peritoneal macrophages were obtained from male ApoE KO mice and age-matched C57BL/6J mice fed a HCD for 16 weeks. The mice were sacrificed by cervical dislocation, in accordance with Institutional Animal Care and Use Committee. Sterile ice-cold phosphate-buffered saline (PBS) was injected into the cavity of each mouse by peritoneal lavage. This fluid was carefully collected and centrifuged at 1,000 rpm for 6 min. After centrifugation, the supernatant was then withdrawn, and the cell pellet was resuspended in RPMI 1640 medium (containing 100 IU/ml of penicillin, 100 lg/ml of streptomycin and 100 lg/ml of L-glutamine) and plated in 6-well tissue culture plates (Costar) at 1.5 9 10 6 cells per well. Cells were incubated in a humidified CO 2 (5%) incubator at 37°C for 2-3 h to allow adherence, and non-adherent cells were rinsed away with pre-warmed RPMI 1640 and 2 ml of complete RPMI 1640 medium (supplemented with 10% fetal bovine serum) was added. Medium with all additions were replaced daily and macrophages were used within 5 days from harvesting.
LDL isolation
Human native-LDL (nLDL, d = 1.019-1.063 g/ml) was prepared from the plasma of fasted normolipidemic volunteers by sequential density gradient ultracentrifugation as described in our previous report (Xu et al. 2009 ). Briefly, venous blood from healthy adult donors was obtained from Guangzhou Blood Center (Blood type: O-RhD postive). Blood was collected in EDTA coated tubes and immediately centrifuged at 1,7509g at 4°C. Plasma was condensed with polyethylene glycol (PEG) 20,000 and adjusted to a density of 1,200 g/ml by adding solid NaBr, with gentle stirring (IKA Workshop, Germany), after the previous addition of EDTA (1 mM final concentration). The plasma solution was then distributed into 9-ml polycarbonate centrifuge tubes and a discontinuous density gradient was made by overlaying the plasma solution (3.25 ml) with 3.25 ml phosphatebuffered saline (d = 1.063 g/ml, NaBr adjusted) and 2.50 ml phosphate-buffered saline (d = 1.019 g/ml, NaBr adjusted), saturated with nitrogen. The plasma was ultracentrifuged at 50,000 rpm for 5 h at 4°C in a Ti-90 fixed-angle rotor (OPTIMA LE-80K; Beckman Instruments, Fullerton, CA, USA). After centrifugation, the tubes were carefully removed from the rotor and placed in the vertical position. The yellow-orange LDL fraction stayed in the infranatant. The LDL fraction was collected by suction using a 1 ml syringe. The collected LDL was dialyzed in the dark for 24 h at 4°C against 3 changes of 1 l of 0.01 M PBS or 0.15 M NaCl (PH7.4).
Oxidative modification of LDL
To generate copper-oxidized LDL (oxLDL) (Xu et al. 2009 ), native LDL diluted in PBS to a concentration of 2 mg/ml was incubated with copper sulphate (5 lM, final concentration) for 24 h at 37°C, protected from light. The oxidation was terminated by adding Na 2 EDTA to a final concentration of 0.24 mM and then dialyzing against phosphate buffered saline for 48 h. The extent of oxidation was determined by measuring thiobarbituric acid-reactive substances (TBARS) value according to the manufacturer's instructions (Jianchen Biotech, Nanjing, China). In our experimental setting, the TBARS value of ox-LDL was 12.50 ± 0.68 versus 0.65 ± 0.26 nM per 100 lg protein in the native LDL preparation (P \ 0.001). The purity and charge of both LDL and oxLDL were evaluated by examining the relative electrophoretic mobility (REM) in 0.5% agarose gel containing 0.05 M barbitual buffer (PH 8.6 ). The distance of oxLDL migration was compared to that of native LDL and expressed as REM (2.0 ± 0.5, Arbitrary Units). Cytotechnology (2010) 62:473-481 475 Fluorescent labeling of LDL LDL was labeled with the fluorescent probe DiI and then oxidized to DiI-oxLDL as described previously (Lian et al. 2008) , with minor modifications. Briefly, LDL was incubated overnight at 37°C under nitrogen and light protection with 50 lL of DiI (3 mg/ml in DMSO) for each milligram of LDL protein. The LDL must be labeled before oxidation. For preparation of DiI-oxLDL, DiI-LDL (0.1 mg/ml) was incubated with 5 lM Cu 2? (final concentration) at 37°C in dark for 24 h. Unbound dye and copper ions from the oxidation step described above which would otherwise be cytotoxic were removed by ultracentrifugation at 50,000 rpm for 5 h at 4°C. The DiIoxLDL distributed in the middle layer was re-isolated and subjected to dialysis against phosphate buffered saline containing 0.24 mM EDTA. The protein content of native LDL, oxLDL and DiI-oxLDL were determined using BCA TM Protein Assay Kit (Pierce) and expressed as micrograms per milliliter of solution. All lipoproteins were filter sterilized, stored at 4°C in dark and used within 3 weeks.
Optimized in vitro foam cell assay by ORO staining
Reagents and equipments
Oil Red O stock solution and working solution 0.5 g Oil Red O powder (Sigma) was dissolved in 80 ml isopropanol (100%) in water bath with a temperature of 56°C overnight. The container was sealed to prevent the evaporation of isopropanol. The final volume of the stock was adjusted to 100 ml and mixed under gentle stirring (IKA Working Group, Germany). Before staining, the stock solution was pre-warmed to 60°C and filtered with number 1 filter paper (Whatman, UK). A working solution was prepared by diluting the stock solution 6:4 with deionized water, allowing to stand for 10 min at room temperature and then filtered (0.22 lm, Millipore). The working solution should be made freshly and used within 2 h of preparation.
60% isopropanol 60 ml isopropanol was mixed with 40 ml of ddH 2 O Microscope equipped with imaging system The photomicrographs were taken with Image Pro-Plus 6.0 software (Cybernetics) equipped on a microscope (Olympus IX71, Tokyo, Japan).
Staining procedures (less than 0.5 h)
Foam cell induction Cells were plated in 24-well tissue culture plates (Costar) at a density of 1 9 10 5 cells/ml, when reaching sub-confluence, the macrophages were incubated with oxLDL (50 lg/ ml) for 24 h (Beckers et al. 2007) , after that, the medium was aspirated and cells were rinsed twice with 0.01 M PBS (Boster, Wuhan, China).
Cell fixation The cells were fixed in 10% phosphate buffered formalin for 10 min.
Rinsing The cells were rinsed in PBS once (1 min) then rinsed in 60% isopropanol for 15 s to facilitate the staining of neutral lipids.
Oil Red O staining The cells were stained with filtered Oil Red O working solution at 37°C for 1 min in darkness.
Destaining The cells were destained with 60% isopropanol for 15 s.
Rinsing Then washed with PBS for 3 times, 3 min each.
Mounting on microscope Positive-staining (red) cells were macrophage-derived foam cells, which were observed via light microscope (Olympus) and then photographed using Image Pro-Plus 6.0 software (Media Cybernetics).
Optimized cellular uptake of DiI-oxLDL Uptake of DiI-oxLDL was studied either with confocal microscopy or fluorescence-activated cell sorting (FACS). For confocol microscopy, the cells were grown overnight on culture slides (Warner Instruments) and then incubated with different concentrations of DiI-oxLDL for 4 h. Thereafter, the cells were washed 3 times with PBS-2 mg/ml BSA and twice with PBS. For nucleus staining, the cells were incubated for 10 min with 10 lg/ml DAPI (Sigma) and washed 3 times with PBS. The cells were then placed for confocal microscopy (LSM710, ZEISS, Germany).
For FACS, the cells were incubated with DiIoxLDL (10 lg/ml medium) for 4, 6, and 24 h. To test the specificity of uptake, the cells were pre-treated with 50-fold excess of unlabeled oxLDL for 30 min then incubated with DiI-oxLDL for 4 h. Thereafter, the cells were washed 3 times with PBS and twice with PBS-2 mg/ml BSA and then were detached with trypsin (0.25% trypsin, 0.02% EDTA). The cells were harvested with RPMI 1640/10% FBS, centrifuged at 1,000 rpm 9 5 min, washed twice with PBS. FACS was performed with a FACScan (Becton-Dickinson). Data were calculated by subtracting the cell autofluorescence from the fluorescence of the treated samples and expressed as mean fluorescence intensity (MFI).
Statistical analysis
Results were presented as means ± standard deviation (SD). For analysis of differences between various cell treatments, one-way linear analysis of variance (ANOVA) was used. Differences were considered statistically relevant at p \ 0.05.
Results and discussion
The time of ORO staining is crucial in examining foam cell formation. We first examined the effect of different time of staining on revealing foam cell formation. As shown in Fig. 1A , after staining with ORO working solution for 1, 15, 30 min, 1 h, only 1 min staining exhibits significant lipid accumulation (indicated by black arrows). Secondly, we examined the dosedependency of oxLDL on foam cell formation. After incubation with oxLDL for 24 h, RAW264.7 macrophages assumed the morphological appearance of foam cells with ORO-stained lipid droplets present Cytotechnology (2010) 62:473-481 477 not only in the perinuclear area, but also distributed throughout the cytosol of most cells (Fig. 1B) ; in contrast, no lipid droplets were found in the untreated cells. The visual abundance of lipid droplets grossly correlated with the concentration of oxLDL. To determine whether this staining protocol applied to in vivo foam cell formation, frozen sections of aortic sinus or primary mouse peritoneal macrophages from ApoE KO mice or age-matched control C57BL/6J mice were stained by ORO as described above. As shown in Fig. 1C , obvious lipid accumulation was observed in sections or macrophages from ApoE KO mice after 16 weeks of high cholesterol diet feeding. While, negative staining was observed in sections or macrophages from control mice. In cellular DiI-oxLDL uptake studies by confocal microscopy, it was observed that DiI-oxLDL can be taken up by macrophages in a dose-dependent manner, with 10 lg/ml achieving the maximal fluorescence (Fig. 2) . Similar results were obtained using flow cytometric analysis of DiI-oxLDL uptake in macrophages (data not shown). As shown in Fig. 3 , macrophages ingested DiI-oxLDL in a time-dependent manner. After incubation with DiI-oxLDL from 4, 6 to 24 h, oxLDL uptake into macrophages was significantly increased (MFI 29.5 ± 1.1, 39.8 ± 1.6, 69.9 ± 1.9 vs. 4.7 ± 1.1, all p \ 0.001, compared with control group), while the addition of 50-fold excess of unlabeled oxLDL competed the uptake of DiI-oxLDL (MFI 12.6 ± 2.1 vs. 29.5 ± 1.1 in DiIoxLDL 4 h group, p \ 0.001), further confirming the specificity of this binding.
Cardiovascular disease, currently the leading cause of morbidity and mortality in developed countries, will soon become the preeminent health problem worldwide (Registered and Login 1997) . Atherosclerosis-a progressive disease characterized by the accumulation of lipids and fibrous elements in the large arteries-constitutes the single most important contributor to this growing burden of cardiovascular disease (Lusis 2000; Libby 2002) . It is widely accepted that atherosclerosis is not only a lipid deposition disease, but also involved in inflammatory responses (Ross 1999; Libby et al. 2002) . The first stage of atherosclerosis is initiated by the monocytes adhering to endothelium, then migrating to the intima, subsequently differentiating to macrophages and the macrophages avidly taking up lipids thus becoming foam cells . Additionally, fatty streaks, which represents the earliest grossly visible atherosclerotic lesions, consist mainly of macrophage foam cells that have taken up massive Fig. 2 Representative images of DiI-oxLDL uptake in RAW 264.7 macrophages by confocol microscopy. RAW264.7 macrophages were incubated in the absence (Ctrl group) or presence of indicated concentrations of DiI-oxLDL for 4 h. Cells were then washed, fixed, and examined with a 963 oil immersion objective using a 546 nm filter set. DiI-oxLDL uptake was shown in red and counterstained with DAPI (blue). Bar = 20 lm Fig. 3 Representative flow cytometric analysis of DiI-oxLDL uptake by macrophages in different time periods. Cells were stimulated in the absence (Ctrl group, autofluorescence group) or presence of DiI-oxLDL (10 lg/ml) for 4, 6, 24 h, then detached with trypsin, collected, washed and subject to flow cytometry as described in ''Materials and methods'' section. To test the specificity of uptake, the cells were pre-treated with 50-fold excess of unlabeled oxLDL for 30 min then incubated with DiI-oxLDL for 4 h amounts of cholesterol (Glass 2002) . Thus, accumulation of cholesterol-laden foam cells in the arterial wall represents a hallmark and key event of early atherogenesis.
Currently, non-fluorescent and fluorescent methods are developed to investigate foam cell formation. The former primarily includes ORO staining and Sudan III/IV staining. The later involves several fluorescent staining including Nile Red dye, DiIoxLDL. ORO staining is a well-established and classical method to examine foam cell formation in macrophages from different origins (murine macrophage cell line RAW 264.7, J774 A.1, human THP-1, human monocytes-derived macrophages, bone marrow-derived macrophages) and smooth muscle cells. It specifically stains triglycerides and cholesteryl oleate. Additionally, it can be used for quantifying the extent of foam cell formation through extracting the dye with isopropanol and measuring the absorbance spectrophotometrically at 510 nm (RamirezZacarias et al. 1992; Scholz et al. 2004) . Meanwhile ORO staining can combine with immunofluorescence for automatic quantification of lipid droplets (Koopman et al. 2001) . In the present study, we introduce a simple and rapid staining method of lipids. Compared with the conventional ORO staining method (Kohn et al. 1996; Koopman et al. 2001; Jian-ling et al. 2009 ), the optimized method shortens the time of cell fixation from 30 to 10 min and most importantly, shortens the staining time from 10 min or even longer to 1 min, meanwhile produces better photos. It was observed that a longer staining period (15, 30 min or 1 h) produced less stained lipids, and this could be caused by the fact that the lipids were dissolved in isopropanol rather than stained by ORO (Fowler and Greenspan 1985) . In dose-dependency experiments, oxLDL stimulated foam cell formation in a dosedependent manner (Fig. 1B) . Compared with conventional ORO staining, we used 60% isopropanol to facilitate lipids infiltrating into macrophages and also destained with 60% isopropanol to eliminate nonspecific staining to furnish a clear background. ORO staining is also widely used for assessing lesion size of aortic sinus or aterial tree. As shown in Fig. 1C , 1 min is long enough to stain lesions of aortic sinus or mouse peritoneal macrophages from experimental atherosclerotic animals (ApoE KO mice), further extending the present optimized method to in vivo atherosclerosis-related study. As for another nonfluorescent staining method-Sudan staining, which was primarily used in earlier studies (Leary 1935; Schwartz and Mitchell 1962; Adams and Bayliss 1975) , was gradually replaced by ORO staining, because ORO staining has simpler manipulation and produces better staining results.
Among the fluorescent staining methods, the fluorescent dye Nile Red and DiI are routinely used. Nile Red primarily stains hydrophobic structures, when used in lipid staining, it can detect neutral lipid deposits, presumably unesterified cholesterol, not usually seen with ORO or other traditional lipid stains (Fowler and Greenspan 1985) . But the lipids accumulated in foam cells are primarily triglyceride and cholesterol ester. Thus, the staining spectrum does not correspond to the current research aim, but the dye can be applied in aqueous medium, which avoids the dilemma imposed by most fat stains that must be dissolved in organic solvents which may also dissolve the lipids that the dye is intended to stain (Fowler and Greenspan 1985) . However, the interaction of Nile Red with cellular membranes network and the other hydrophobic structures probably gives rise to background fluorescence. DiI-oxLDL uptake by macrophages as determined by fluorescent microscopy or flow cytometry was a useful tool to detect oxLDL uptake. Different stimulation time of DiIoxLDL and varying concentrations of DiI-oxLDL were used in published articles. In the present study, we determined the optimal incubation time (4 h) of DiI-oxLDL and the optimal concentration (10 lg/ml) of DiI-oxLDL. In order to readily observe the uptake of DiI-oxLDL, DAPI was used to counterstain the cell nuclei.
In conclusion, we demonstrate a simple and rapid technique for assessing foam cell formation by optimizing ORO staining and DiI-oxLDL uptake studies. Our optimized technique simplifies and facilitates a key end-point analysis in atherogenesis.
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